In this paper, the results of a study on the development of social network analysis (SNA) and its evolution over time, using the analysis of bibliographic networks are presented. The dataset consists of articles from the Web of Science Clarivate Analytics database obtained by searching for the keyword "social network*" and those published in the main journals in the field (in total 70,000+ publications). From the data, we constructed several networks. In this paper, the focus is on the analysis of the citation network. Analyzing the obtained network, we evaluated the SNA field's growth and identified the most cited works. Using the normalized Search path count weights, we extracted the main path, key-route paths, and link islands in the citation network. Based on the probabilistic flow node values, we also identified the most important articles. Our results show that the number of published papers almost doubles each 3 years. We confirmed the finding that the authors from the social sciences, who were most active through the whole history of the field development, experienced the "invasion" of physicists from the 2000s. However, starting from the 2010s, a new very active group of animal social network analysts took the leading position.
Introduction
Social network analysis (SNA) is a rapidly developing scientific field that has appeared and grown significantly over the past 50 years. In the 1970s, the field was highly fragmented and could be represented by a set of individual scientific groups unrelated to each other. Due to the significant efforts of some individuals and institutions, during 1970-80s it was organized around the newly appeared International Network for Social Network Analysis, Sunbelt conference, and specialized journals Connections and Social Networks. In the beginning of 1990s, the representatives of SNA had already formed an "invisible college" and the field itself achieved the status of a "normal science" (Freeman 2004; Hummon and Carley 1993) . From that point, the field of SNA has grown significantly, both in the number of scientific publications and different disciplines involved (Otte and Rousseau 2002; Borgatti and Foster 2003) . To a large extent, the substantial increase in interest in this topic was due to the emergence of the Internet in 1990s and online social networks during the 2000s. However, if until the 2000s the field was mostly developed inside different branches of social sciences, starting from the new century it received significant attention from the researchers of the natural sciences. The so-called "invasion of the physicists" (Bonachich 2004) resulted in development of Network Science, whose representatives sometimes reinvented and rediscovered the issues that had been developing in the social sciences for quite some time (Freeman 2004 (Freeman , 2011 .
To study scientific disciplines and their development through time, various tools of bibliometric analysis have been proposed and extensively used over the last decades. There is an extensive set of studies in the literature devoted to different scientific fields and their comparison on various levels-national, multinational, and international. The data for analysis are usually obtained from particular journals, thematic sets of literature, or databases of bibliographic information. The development of SNA was also studied by means of the bibliometric analysis of publications, authors, and journals involved in the field. Several authors studied citation structures of works and journals (Hummon and Carley 1993; Leydesdorff et al. 2008; Batagelj et al. 2014) , collaboration and co-authorship structures (Otte and Rousseau 2002; Leydesdorff et al. 2008; Batagelj et al. 2014) , structures of cocitations between works, authors, and journals (Brandes and Pich 2011) , topical structures and keyword co-occurence networks (Leydesdorff et al. 2008; Groenewegen et al. 2015) . Attention was also given to different subfields and topics (Hummon et al. 1990; Kejžar et al. 2010; Batagelj et al. 2014 Batagelj et al. , 2019 and subdisciplines within the field (Otte and Rousseau 2002; Borgatti and Foster 2003; Lazer et al. 2009; Varga and Nemeslaki 2012) .
While providing very important results for the understanding of the field, these studies fail to show the overall picture of its current development. The results of the research done in the area are partial, as they usually (1) highlight specific topics and answer certain questions concerning communication, collaboration, or citation (in different combinations), (2) study various bibliometric units-works, authors, journals, or keywords (in different combinations, so the results are difficult to compare), (3) focus on some specific sets of data (certain journals or specific data bases), (4) more often analyze selected subfields and subtopics, but not the whole SNA field, (5) cover time periods which are no longer up-to-date. The extensive growth of the field's disciplinary borders in last several years underlines the importance of detailed and contemporary research of SNA.
Our study implements a comprehensive approach for the identification of the main trends in the development of SNA, with a representation of various disciplinary areas, groups of scientists, and topics. The study is based on the analysis of networks of articles including authors. The analysis revealed the same patterns that were observed in previous studies: the distinction between different groups of authors-social network scientists and the representatives of Network science-with the latter forming the most cohesive groups according to the similarity of citation patterns. Lazer, Mergel, and Friedman Lazer et al. (2009) studied the development of SNA within sociology-"which has served as the primary home of social network analysis over the last several decades". Looking at the cocitation patterns of papers on social networks published in two leading general sociological journals, the American Sociological Review and the American Journal of Sociology, at three periods-1990-1992, 2000, and 2005 ,-they delineated different "canons" typical for times and the associated authors in each. Being especially interested in the impact that works written within physics had on the study of social networks within sociology, they found the 'rapid entry of the physicists into the canon between 2000 and 2005, and a possible centralization of the field around small-world networks related research'. Leydesdorf, Schank, Scharnhorst, and De Nooy (2008) based on the analysis of the Social Networks journal's citation structures, constructed from aggregated journal-journal citation data from the Journal Citations Reports of the Science Citation Index (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , found a strong connection with other sociological journals, and weaker connections with journals from psychology, organization, and management studies. They showed that in some years the journal was also cited in a larger citation environment including journals in physics and applied mathematics. However, 'in spite of the fact that the citation impact of Social Networks in recent years has increased, this has not changed its disciplinary identity': it still 'can be considered as a representative of sociology journals', rather then an interdisciplinary journal (Leydesdorff et al. 2008) .
The previous studies done in the field of SNA development show that the institutionalization of the field reflected in the rapid increase of the yearly number of articles related to it, which has been constantly growing since 1970-80s. According to Freeman, already by the 2000s the study of social networks had become one of the major areas of social science research (Freeman 2004 ). On the other hand, even though the initial involvement in SNA was interdisciplinary (Hummon and Carley 1993) , recently the field has faced some challenges, with the physicists' invasion being one of the most important (Lazer et al. 2009; Brandes and Pich 2011; Batagelj et al. 2014; Freeman 2011) .
Based on these findings, this paper evaluates the main changes that the field has undergone and highlights the current trends in its development. We focus on the following questions: (1) is the field still growing in sense of the number of published works, (2) what are the most important and influential works in the field and how are they connected to each other, (3) what are the disciplines actively involved in the SNA field-are there still physicists "invading" the field, or has another wave of "invaders" from other disciplines come?
Data

Data collection and cleaning
The source of data for our research was the WoS, Clarivate Analytics's multidisciplinary databases of bibliographic information. Some comments should be given concerning the choice of this database. Even though for a long time WoS had a monopoly in the abstraction and evaluation of scientific work, other sources of bibliometric data appeared-such as Scopus, Google Scholar, special citation resources and scientific social media (SciFinder, Mendeley, etc.) . Previous comparisons of different databases have shown that they vary significantly according to their coverage of certain scientific disciplines, and have their pros and cons. For example, Google Scholar provides broad coverage for most disciplines, while Scopus and WoS have fewer publications and a weaker representation of the works in the social sciences and the humanities. The number of works for all disciplines, especially for engineering, was found to be higher in Scopus, than in the WoS (Hilbert et al. 2015; Harzing and Alakangas 2016; Martín-Martín et al. 2018) . The WoS contains mainly publications from the journals with a certain impact factor, while Google Scholar contains different types of sources, including journals, conference papers, books, theses and reports. This can be important for the representativeness of those disciplines where journals are not the only prestige sources for sharing scientific knowledge (but also conference proceedings, reports, etc.), and publications are not the only type of scientific contributions (but also software, data, patents, etc.) (Franceschet 2009 ). We expect that this can lead to a certain under-representation of some fields in our dataset, where SNA is developing-for example, computer science. At the same time, an important feature of WoS is that it provides coverage back to 1900 with descriptions including references (CR field); for other databases, the information on citations is included in the descriptions of publications only from 1970 (Scopus), or not included at all (Google Scholar) (Elsevier 2019; WoS 2019). Together with lower consistency and less accuracy of the data in Google Scholar, it makes the choice of the WoS most appropriate for the current study. However, it should be noted that its results are inevitably relative to the available data. Figure 1 presents an example of a record describing an article as obtained from WoS. Such articles with full description are called hits. The works, which appear only in the WoS CR fields as references, do not have full descriptions in the collected dataset, and are called terminal works. We had to limit our search to the WoS Core Collection because for other databases in WoS the CR fields, which contain citation information, could not be exported.
The dataset has two parts. It is based on the SN5 data collected for the Viszards session at the Sunbelt 2008 , and contains all the records obtained for the query "social network*" and articles from the journal Social Networks, until 2007. We additionally searched for the works without full descriptions which were most frequently cited and papers on SNA of around 100 social networkers. The final version of SN5 contained 7950 works with a full description (hits), 193,376 works (hits and cited only), 75,930 authors, 14,651 journals, and 29,267 keywords. The SN5 data were extended in June 2018 using the same search scheme. Starting from 2007, 576 articles from Social Networks journal were added. Additionally, in 2018, all the articles from the networkrelated journals contained in the WoS were included-such as Network Science, Social Network Analysis and Mining, Journal of Complex Networks (in total, 431 article) . Other network-related journals-such as Computational Social Networks, Applied Network Science, Online Social Networks and Media, Journal of Social Structure, and Connectionswere considered, but were not included since they are not abstracted in WoS.
As terminal (cited only) works can be highly cited and in this sense important, we additionally collected full descriptions for works with high (at least 150) citation frequencies using WoS. If a description of a work was not available in WoS, we constructed a corresponding description without CR data, searching for the work in Google Scholar (exporting it in the RIS biblographic format and converting it into the WoS format). We also included manual descriptions of important works without the CR field from the dataset BM on blockmodeling . We should note that additional influential papers, usually published earlier, could be overlooked by our search queries because they do not use the contemporary terminology. Finally, our dataset included 70,792 WoS records with complete descriptions.
Basic network construction
Using WoS2Pajek 1.5 (Batagelj 2007) , we transformed our data into a collection of networks: one-mode citation network on works (from the field CR of the WoS record) and two-mode networks-the authorship network on works × authors (from the field AU), the journal network on works × journals (from the field CR or J9), and the keyword network on works × keywords (from the fields ID, DE or TI). An important property of all these networks is that they share the same first node set-the set of works (papers, reports, books, etc.)-which means that they are linked and can be easily combined using network multiplication into new derived networks .
Works that appear in descriptions can be of two types: those which have full descriptions (hits), and those which were only cited (terminal works listed in the CR fields). This information was stored in a partition , where DC[w] = 1 if a work w has the WoS description, and DC[w] = 0 otherwise. The partition contains the work's publication year from the fields PY or CR. This information is essential for the construction of temporal networks. WoS2Pajek also builds a CSV file with main data about hits (short name, WoS data file line, first author, title, journal, year), which can be used to list the results, and the vector , where NP[w] = number of pages in a work w. The usual ISI name of a work (its description in the field CR) has the following structure:
AU + ', ' + PY + ', ' + SO[:20] + ', V' + VL+ ', P' + BP (first author's surname, initials, year of publication, title of the journal, volume and the number of the starting page; + denotes concatenation), which results in such descriptions as GRANOVETTER M, 1985, AM J SOCIOL, V91, P481 (all the elements are in the upper case). As in the WoS the same work can have different ISI names, WoS2Pajek supports also short names (similar to the names used in HistCite software output), which has the following format:
For example, for the mentioned work its short name is GRANOVET_M(1985)91:481. For last names with prefixes VAN, DE,...the spaces are deleted, and unusual names start with characters * or $.
However, some problems with data can still exist even with this approach as the information in CR field can include typos in publication year, volume and page numbers, etc. That is why some additional cleaning on the highly cited nodes was implemented (see "Appendix A" for details).
After all iterations of cleaning, we finally constructed the dataset used for the further analysis. From 70,792 hits (data with full description, DC = 1 ) we produced networks with sets of the following sizes: works |W| = 1, 297, 133 , authors |A| = 395, 971 , journals |J| = 69, 146 , key words |K| = 32, 409 . We also removed multiple links and loops from the networks and labeled the obtained basic networks , , , and (Table 1 ). In this paper, we analyze only the citation network. Other networks were used for more detailed analysis of other bibliographic entities.
As explained, for the cited only works (DC = 0) only partial descriptions are provided: we have information about the first author, the journal and the publication year, and we have no information on the keywords (as there are no titles in ISI names of terminal works). That is why for further analysis we constructed networks which contain only works with a complete description (DC = 1) . All the link weights in the obtained networks were set to 1. We labeled these reduced networks , , , and . In these networks, the sizes of sets are as follows: works |W| = 70, 792 , authors |A| = 93, 011 , journals |J| = 8, 943 , key words |K| = 32, 409 (remained the same) (Table 1) . 
Results
Distribution of works and main publications in citation network
In Fig. 2 , the distributions of the number of works per year are presented. The picture on the left side shows how many works from the set of hits are published per year. The data show constant and fast growth in the number of articles on SNA topics starting from 2007, when there were 1576 articles published. In 2012, the amount of hits overcomes the level of 5000, and grows by more than 1000 articles per year. In 2015 and 2016, there were 9285 and 9693 articles published, respectively. On average, the number of publications increased by 1.2 times every year, with the largest growth in 2007, when it increased by 1.7 times. Such growth can be explained by the general interest of researchers in networks (including online), which also manifested itself in the increase in number of journals on these topics. For 2017 and 2018, there are fewer works in our dataset (9042 and 2618)-due to the incompleteness of the WoS database for recent years (the values for these years are not considered in the distribution). The distribution till 2016 fits the exponential model. c ⋅ a year−1965 , where a = 1.2338 , and c = 0.2526.
The obtained values show that the number of works almost doubles in every 3 years ( log(2)∕ log(1.2338) = 3.299148).
The right side of Fig. 2 shows the publication years for the terminal works which are cited only. The majority of works which are cited were published recently: there are 13,202 works published in 1990, 33,185 in 2000, and 67,343 in 2010 . The amount of cited works published after 2014 is decreasing, which simply means that works published very recently could not yet get the large amount of citations. However, the presence of the newest works shows that they are already seen and cited by representatives of the field. There are citations of works published in the first part of 20th century and even earlier-from the 14th century (41 works), 15th (20), 16th (45), 17th (245), 18th (528), and 19th (2,151 works). The distribution of works from 1900 to 2018 fits the log normal distribution.
c ⋅ dlnorm (2018 − year, a, b) , where a = 1.501 , b = 0.9587 , and c = 7.110 10 4 .
Such result was already obtained in other studies of citation networks (Batagelj et al. 2014, p. 119-121) . In Fig. 3 , the indegree distributions in -complementary cumulative and density-in double-logarithmic scale are shown. The density fits the power law distribution f = c ⋅ n − , with fitted = 2.3007 and c = 749338 . This means that a small number of works attracts a large number of citations, and a large number of works attracts only small number of citations. Works with the largest indegrees are the most cited papers. The complementary cumulative distribution confirms the scale-free nature of the indegree distribution. Table 2 presents the 60 most cited works (indegree in ). Almost half (28) of these works were published before 2000, and quarter of them (15) are books (their label ends with a colon ":"). The most cited works are the book of Wasserman and Faust published in 1994, and the article of Granovetter on the strength of weak ties.
Other highly cited books are from social sciences (marked in boldface in table). Some of these works are devoted to the general issues of SNA methodology and theory, such as Scott's Social Network Analysis, 2000 (1192 citations); Coleman's Foundations of Social Theory, 1990 Theory, (1093 ; Hanneman and Riddle's Introduction to social network methods, 2005 (854) . There is also set of works on the social capital-Burt's Structural Holes, 1992 (2330) There are also some representatives of other disciplines, in topics such as social network sites and social media (including the highly cited article of Boyd D. and Ellison Social network sites: Definition, history, and scholarship, published in 2007 and having 2447 citations); medicine, and management.
Works with the largest outdegree in are the most citing works. These works are books, introductory chapters of books, and review articles. Most of these works belong to the field of social sciences, they include education, human relationships, archaeology, migration, internet studies, and social media, but not exactly the topic of SNA. However, some works published in the journals in physics and computer science do address the 
Boundary problem and transformation of citation network
The original network has 1,297,133 nodes. Considering the indegree distribution in this network we found the following counts for the lowest number of received citations: 0 (41,954 works), 1 (933,315), 2 (154,895), 3 (58,141), and 4 (29,885), which all together cover 94% of all works. Thus, most of the works were hits with indegree equal to 0 or were referenced only once or twice (terminal works with indegree equal to 1 or 2). The works that recieved only few citations can be considered as not important, therefore they should not be included into the final network (boundary problem (Batagelj et al. 2014, p. 126-128) ). To obtain the richer network, we removed all the cited only nodes with indegree smaller then 3 ( DC = 0 and indegree < 3 ). We also removed all the nodes with labels starting with string [ANON. This resulted in a subnetwork with 222,086 nodes and 1,521,434 arcs.
For the citation network analysis, we used Search path count (SPC) algorithm Batagelj 2014) , which determines for each arc the weight which is equal to the probability that a random path through the network passes through this arc. This algorithm requires the network to be acyclic. A citation network is (almost) acyclic, however, it can include some small cyclic parts which can be identified as nontrivial (with the minimum size 2) strong components of the network. First we searched for the nontrivial strong components (see "Appendix B" for details). To get an acyclic network, we applied the preprint transformation to . The preprint transformation replaces each work u from a strong component with a pair of nodes-a published work u and its preprint version u ′ . In Pajek the node u ′ is labeled with node u preceded by a character "=". A published work can only cite preprints. Each strong component was replaced by a corresponding complete bipartite graph on pairs (Batagelj et al. 2014, p. 82-84) . The resulting network has 222,189 nodes and 1,521,658 arcs.
We computed the SPC weights on network arcs. We identified the main paths (CPM main path and Key-route paths) in this network. To find the most "important" parts of this network, we also used the Islands approach (link and node islands) and the Probabilistic flow. So, we applied five different procedures to validate the obtained most important works in SNA. These results are described below. The full information on each paper (first author, title, journal, year of publication) obtained by different procedures is presented in Table 3 in "Appendix C". In this table, the second column (code) describes in which analysis the work appears: 1-Key-routes, 2-CPM main path, 3-ink island 5, 4-Link island 4, 5-Node island, 6-Probabilistic flow tops.
Citations between years in bounded network
It is interesting to observe how many citations are made per year. We combined network with the partition on the year of publication and constructed a network of citations between years, where the values are equal to the number of times that all works published in 1 year were cited in all works published in another year (the network is directed, only later years can cite previous years). Figure 4 presents the distribution of citations between years in a three-dimensional space. The majority of citations in recent works are made to recent works as well. The years having the largest amount of citations from other years are 2007 (80,129), 2008 (77,595), 2009 (82,294), 2010 (88,840), 2011 (79,843) . No year before 1996 is in the list of the 20 most cited years. The largest number of citations are from 2015 and 2016 to 2010 (16,384 and 15,755, respectively) and 2011 (16,026 and 15,944) . Figure 5 presents the curves of values of citations per year in the period 1985-2018 (54 years in total), which were normalized in the following way: where f i is a frequency of the values, and is a probability that the paper of the proper age (from 1 to 54) is cited by papers of other years. The result shows that the yearly citation patterns do not vary significantly from year to year-there are always noticeably more citations made of recent works, than of works published previously. This effect was already observed in the analysis of large bibliographic datasets from the WoS (Šubelj and Fiala 2017) .
Main path and key-routes
The Main path (MP) in a weighted network is obtained by starting with the (seed) arc with the largest SPC weight as the initial MP segment of the path. Then it is extended recursively in both directions by appending the incoming/outgoing arc with the largest weight to its ends. The CPM main path is obtained by the Critical Path Method (CPM), borrowed from Operations research, which determines the path with the largest sum of weights. Usually both methods give the same or very similar results. For details see (Batagelj et al. 2014, p. 135-139) . Figure 6 displays the CPM main path through the SNA literature (the same to the one obtained with the MP procedure), which includes 59 nodes. We divided this CPM main path into three parts, according to the discipline of the works that are presented.
The first group, composed of the works published 1944-1996, presents the works of network scientists from the social sciences. These works appeared (see "Appendix C") in (2nd and 3rd parts start with two works from the previous group) lately turned to the journals from the fields of ecology and evolution. The most active author in this group is Farine, who has 6 works out of the 25 works. While the invasion of physics into SNA has been already shown in other studies (Lazer et al. 2009; Brandes and Pich 2011) , the appearance of the third group in the main path is surprising. For the centrality literature, it was shown that the trend goes from physics to neuroscience , and for the network clustering literature, the main path consisted only of the social and physical parts .
The Key-route method (Liu and Lu 2012) is a variant of the MP method in which we select a set of seed nodes and construct a subnetwork of corresponding main paths. The same approach can also be used for CPM main paths. Using the Key-route method, we produced a more nuanced image of the most important paths in the SNA literature, as it contains some deviations from the structure of the network identified with the CPM method (Fig. 7) . The Key-route paths contain 127 nodes, with 57 nodes intersecting with the main path. We still get the division into three previously mentioned periods.
The publications belonging to the first period include 50 works on SNA written by social scientists. It starts with two works of Heider on his theory of social perception and cognitive organization (1944, 1946) , which form the basis for the work of Cartwright and Harary (1956) article is very strongly linked to the work of Valente on social network thresholds in the diffusion of innovations (1996) . Another strong link of Valente is the previous work of Michaelson (1993) on the development of a scientific specialty as a diffusion through social relations, which is in turn based on the work of Faust on structural and general equivalences in positional analysis (1988) . The work of Valente is the one bridging the first group of scientists from the social science with the group of physicists, which includes 28 works from the Network science discipline published in the second period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . Valente was cited by Newman and Watts in the work on the small-world network model, which appeared in 1999. This work was followed by others on the same topic (small-world networks), written by Newman, also jointly with Moore, as well as by the work of Callaway, Newman, Strogatz, and Watts on random graphs (2000) . Then both directions meet at the work of Strogatz on complex networks. This topic continues, including clustering and preferential attachment in growing networks and the spread of epidemic diseases on networks (Newman, 2001 (Newman, , 2002 . From 2003 to 2006, this topic redirected to the community detection in large networks.
We should note, however, that there is also an epidemiological branch in the observed network, which starts from the works of Stephenson and Zelen and Freeman, followed by Milardo on personal networks, Neaigus and others, and Rothenberg and others in the works on the disease transmission (1992-1998), Potterat, Rothenberg and Muth, and Potterat and orthers on infection transmission (1999) . These works are cited by Ferguson and Garnett (disease transmission), and then the route comes back to the main path-to Newman's work on the structure and function of complex networks (2003) .
Since that time, the topics on the obtained Key-routes network have changed significantly. The work of Newman on community structures is strongly linked to the work of Lusseau and Conradt (2009) on animal social networks, which starts the third period (2008-2018) of the SNA literature with 49 works of behavioural ecologists. Lusseau's work was followed by many others, on the same topic: Krause et al. (2009) with general works on animal SNA, and Ramos-Fernandez, Boyer, Aureli, and Vick; Kasper and Voelkl; Voel and Noë; Lehmann and Dunbar; Lehmann and Ross; Brent, Lehmann, and Ramos-Fernández; Sueur and others (2009) (2010) (2011) , working with social networks of Nonhuman Primates. Many of the works in this part are published in special issues "Social Networks: new perspectives" (edited by Krause, Lusseau and James) in Behavioral Ecology and Sociobiology journal, and special issue "Social Networks in Primates" in American Journal of Primatology. These works are followed by Croft, Madden, Franks, and James (2011), which represents a practical guide to hypothesis testing in animal social networks. This work is cited by others presenting research on mixed-species groups (Farine, Garroway, and Sheldon), killer whales (Foster and others), sharks (Mourier, Vercelloni and Planes), dolphins (Cantor and others), all published in 2012, and birds (Silk, Croft, Tregenza and Bearhop) and starlings (Boogert, Nightingale, Hoppitt and Laland), both published in 2014. There are also works on methodological issues: by Hobson, Avery and Wright (An analytical framework for quantifying and testing patterns of temporal dynamics in social networks), Castels and others (Social networks created with different techniques are not comparable), and Pinter-Wollman and others (The dynamics of animal social networks: analytical, conceptual, and theoretical advances), published in 2013-2014. These works were followed by four works of Farine (jointly with Whitehead, Sheldon, Firth, Aplin, Crates, Culina, Garroway, Radersma and others) published in 2015, on the methodological issues on constructing, conducting and interpreting animal SNA, and study of wild bird territory acquisition. Some of these works cite the article of Silk, Croft, Tregenza and Bearhop (2014) studying social group dynamics in birds. We should also note that there are some works connected to the main path, which represent social personality and phenotype (Wilson, Krause S., Dingemanse, Krause, J.; Alpin and others; Farine), published in 2013-2014.
The upper part of the network contains works published in 2016-2018. It presents studies on disease transmission (Adelman, Moyers, Farine, Hawley; Sah, Mann, Bansal; Silk and others; Dougherty, Seidel, Carlson, Spiegel and Getz) , and the studies of animal path tracking (Leu, Farine, Wey, Sih, Bull; Spiegel, Leu, Sih and Bull) . Also it contains works on theoretical issues (Current directions in animal social networks by Croft, Darden and Wey Social traits, social networks and evolutionary biology by Fisher and McAdam) and the implementation of different models of network analysis to animal behaviour research: exponential random graph models and statistical network models (Silk and Fisher), the potential of stochastic actor-oriented models (Fisher, Ilany, Silk and Tregenza), dynamic vs. static SNA (Farine).
A detailed information on the papers (with the information on the first author only) included into the Main path and Key-route paths is presented in Table 3 in "Appendix C".
Link islands
Islands are a very general and efficient approach to determine the "important" subnetworks in a given network. For a given weight on links, a link island is a connected subnetwork having higher internal cohesion than the links to its neighbors-it contains a spanning tree in which the smallest weight is larger than the largest weight on links linking the island to its neighbors. Similarly, for a given node property/attribute, a node island is a connected subnetwork having a property value on all its nodes higher than on the neighboring nodes. Usually the search is implemented for maximal islands of size (number of nodes) in a given interval [k, K] . For details see (Batagelj et al. 2014, p.54-57) .
Using the Islands approach, we searched for SPC link islands with the number of nodes between 10 and 200, and found 5 islands of 138, 65, 13, 12, and 11 nodes. The maximum CPM weights of the islands provide informatin on their importance. The cut-values for the islands are 0.0230 for the island of 138 nodes, 0.0236 for 65 nodes, 0.0008 for 13 nodes. For the islands of 12 and 11 nodes the values are very small-3.51610 −7 and 2.65210 −21 , respectively-which shows that they are not so important in comparison to other obtained groups.
The largest, Island 4, with 138 nodes is presented in Fig. 8 . Its structure is similar to the structure of the Key-route paths-there are 89 overlapping nodes in two networks. The majority of the works presented in this island (from 1944 to the work of Valente, published in 1996) belong to the social network scientists, whose works were discussed in the previous subsection. In comparison to the Key-routes, this island includes a clearer group of works on blockmodeling-by Faust and Wasserman; Doreian, Batagelj, Ferligoj, Mrvar, and Batagelj, publishing 1992 -1997. In the physicists part (from Newman, 1999 to Newman, 2006 on the main route) the topic of evolving networks is also presented (Bianconi and Barabási; Yook, Jeong, Barabási, Tu, 2001; Jeong, Néda, Barabási, 2003) . The third, behavioural ecologists' subnetwork, is short and finishes with the works on animal social networks published in 2010.
However, this group is fully presented in Island 5, which contains 65 nodes (Fig. 9 ). It has 39 overlapping nodes with the Key-routes subnetwork. "New" works in the island also belong to the topics on animal social networks described above. However, there are some works devoted to methodological issues of network analysis-reconstructing animal social networks from independent small-group observations (by Perreault, published 2010), temporal dynamics and network analysis (by Blonder et al., published 2012) , the mining of animal social systems (by Krause et al., published 2013) , animal social network inference and permutations for ecologists in R (by Farine, published 2013), estimating the uncertainty and reliability of social network data using Bayesian inference (by Farine and Strandburg-Peshkin, published 2015) . It is interesting that this group forms a separate subnetwork, even though it is connected to the upper part of Island 4 by topic. This may mean that the works included in this subnetwork are more connected to each other, while social animal network papers in Island 4 are more strongly connected to the previous works of the physicists. Other islands are presented in Fig. 10 . For the purpose of better visibility, the weights of the links inside of them were multiplied by 100. The left, Island 2, consists of 12 works in the field of social networks in education, including issues of leadership, teacher and student communication and collaboration. Another very coherent group is presented in the same figure on the bottom right. These are 11 works on neuropsychiatry. The upper right island presents 13 works of physicists with the strongest links between the work of Boccaletti and others (2014) on the structure and dynamics of multilayer networks, and others, on the topics of complex, multilayer, dynamic, and temporal networks, as well as the spreading processes in these networks.
Using the Node islands approach, we searched for the node islands in the SPC network of size [10, 200] , and found one island of size 200. The works in that island in large part overlap with the works from Islands 4 and 5. This result will be interpreted in "Discussion" section. The obtained works are listed with the code 5 in Table 3 . 
Probabilistic flow
The Probabilistic flow algorithm (Batagelj et al. 2014, p. 81-82) determines the node index (and the link weight), where the node value is equal to the probability that a random path starting in some initial node reaches this node. While evaluating the importance of an arc/node the SPC method considers the complete citation history, the Probabilistic flow method considers only the recent history. We computed the Probabilistic flow on the network, and determined 200 nodes with the largest values of the probabilistic flow index (with Islands approach). They are presented in Table 3 .
The works with largest probability indexes match the list of most cited works (largest indegree values of CiteN network): out of 60 works from Table 2 only 8 works are not present in Table 3 . Thus, most of the publications with the largest values of probabilistic flow are already described as the most cited: works of Wasserman and Faust (1994) , Watts and Strogatz (1998), Granovetter (1973) , Boyd and Ellison (2007) , Barabási and Albert (1991 ), Freeman (1979 ), Burt (1992 ), Milgram (1967 . Except listed, there are other works of physicists at the top of this distribution: Barabási and Albert (1999) , Girvan and Newman (2002), Newman (2003) , Albert and Barabási (2002) . Works that appeared in the list of 60 top works according to the probabilistic flow weight, which are not in the list of the most cited works, are works of physicists (Strogatz, Watts, Albert, Jeong, Barabási, Redner), computer scientists (Brin, Page, Motwani, Winograd), mathematicians (Bollobás, Thomason), and social scientists (Katz, Mitchell, Glaser) .
By contrast, the obtained set of works is quite different from the lists of the most "important" works obtained with the SPC algorithm (main path and key-routes) and the Islands approach. However, there are still some intersections of the works from the Probabilistic flow list with the works from the subnetworks of main path, key-routes, and islands 4 and 5 (see Table 3 , "Appendix C"). 
Discussion
In this article, we used several procedures to extract the most important nodes and parts of the Citation network, obtained from the bibliographic dataset of the SNA literature. Counting the indegree distribution of the Citation network, we listed the 60 most cited works, written mostly by social scientists or physicists. The most cited works from this list belong to Wasserman and Faust, and Granovetter, followed by Watts, Barabási, and Freeman. Then we used the SPC algorithm to calculate the weights of arcs in the Citation network. On the obtained weighted network, we used different methods for the identification of the main works and groups of works. Using the CPM main path, we obtained a subgroup of 59 works, representing three periods in SNA development: (1) the early and classic period up to the end of the 1990s represented by the works of social scientists on the issues of network structures, positions and blockmodels, measurement and various network metrics; (2) the period of the "physicist invasion" up to the late 2000s, resulting in the Network science, mainly on the topics of small-world and complex networks, and community detection; (3) the period of the "behavioral biologist invasion", studying animal social networks. The works in this group study animal communities, but also the issues of the implementation of general SNA methodological, analytical and theoretical developments, including the temporal and statistical network models, ERGM, SAOM, etc. Key-routes created a subgroup of 127 nodes, having large intersection to the Main path subgroup and following the same divisions to the periods. However, in this subnetwork the group of epidemiological studies on disease transmission is better represented.
In the same weighted SPC network, we searched for link islands -subgroups of nodes having a higher internal cohesion (based on link weights) to each other than to their neighbors. The size of these groups was limited to between 10 and 200 nodes, and we extracted 5 islands of 138 (Island 4), 65 (Island 5), 13, 12 and 11 (Islands 1-3) nodes. The structures of the two largest islands correspond with the subnetwork obtained by the Key-routes algorithm: there are 89 and 39 nodes, respectively, overlapping with the nodes of the Key-routes. Interestingly, Island 4 contains mainly the works of social scientists and physicists, and just a few works of animal SNA, published up to 2010. However, behavioral biologists are fully represented in Island 5. This can give as an idea that there are only a few works in the field of animal networks, which are strongly connected to physicists based on their citations. However, the Main path algorithm forced the nodes to be connected in the network, even if the line weight between some of them is quite low-and this is how we get the main island with the representatives of three scientific fields. Unlike this approach, the Islands approach identifies locally important parts of the network, which should be distinct from their neighbourhood. Using this approach, we also found more works on blockmodeling in Island 4, and also found several extra subgroups on the topics of education, neuropsychology, and physics.
Searching for the node islands of the same size [10, 200] -subgroups of nodes having the node SPC weights on all their nodes higher than on the neighboring nodes-we extracted one island of 200 nodes. The works in this island in large part overlapped with the works from the two largest link islands. We suppose that the Island approach was not able to extract subgroups on some topics, as these works did not form separate islands due to their embeddedness in the main island.
Using a Probabilistic flow approach on the SPC weighted network, we identified 200 nodes with the largest values of the probabilistic flow index. The 60 works with the largest index overlap with the list of most cited works. The works with the highest indices, not presented in the most cited works list, come from the fields of physics, computer science, mathematics, and social science.
Overall, there are 14 works appearing in all subnetworks, which belong to several social scientists-Granovetter (1973) on the strength of weak ties, White, Boorman and Breiger (1976) on the blockmodels of roles and positions, and Cartwright and Harary (1956) on structural balance and the generalization of Heider theory, -while the majority of works belong to physicists: Newman, Girvan, Albert, Barabási, Strogatz, Clauset, Moore, Boccaletti (jointly with Latora, Moreno, Chavez, Hwang) on complex networks and community detection. These works can be regarded as the most central works in the SNA literature.
Conclusions
Our study uses the bibliometric approach for studying SNA. We presented only the analysis of the citation network-the distribution of the number of works and citations by years, the most important and influential works and their groups-to answer the questions posed at the beginning.
Is the field still growing? The results show that starting from its institutionalization in the 1980-90s, SNA has grown significantly, both in terms of the number of publications and the number of disciplines involved in the research using the SNA approach. The number of publications shows exponential growth, and on average it doubles every 3 years.
What are the disciplines involved? The analysis confirmed the previous studies on SNA development using citation network analysis. Up to the middle of 1990s the most "important" works belong to social sciences, and starting from the 2000s the field experienced the "invasion of the physicists" leading to the establishment of Network science. To our surprise, from the 2010s both groups experience the "invasion" of scientists from a completely different field-animal SNA. This does not mean that either social scientists or physicists are no longer presented in the field-it means that the new group is more active both in the number of publications and citations of each other.
What are the most important and influential works? In spite of the "invasions", the most cited works still belong to the social scientists-with Wasserman, Faust, and Granovetter on the top. Other highly cited works are from social scientists (Freeman, McPherson, Burt, Coleman, Putnam, Scott, Everett and Borgatti, and others) , physicists (Newman, Watts, Barabási, Albert, Girvan, and others), and computer scientists (Boyd, Kleinberg, Blei) . The works of physicists are cited by the newly established group of the animal SNA. The reason for this requires further research.
A possible explanation for the appearance of new groups could be due to the algorithms used to identify the main subgroups of the networks. The Main path algorithm forces nodes to connect in the network, even if the arc weight between some of them is quite low. The Islands approach identifies locally important parts of the network, which are distinct from their neighbourhood. The works on some topics could not form a separate island due to their embeddedness (as a bulge without a peak) in the main island. The further analysis of derived networks (e.g. networks of co-authorship and co-citation between journals and authors) and their temporal analysis should provide a more detailed explanation of the appearance and coexistence of different groups in SNA.
Once again, we should emphasize that for the results of bibliographic network analysis the coverage of the bibliographic databases used in the research is extremely important. An interesting option for the future analysis is a combination of bibliographic data from different databases (such as WoS, Scopus, Google Scholar, and others). The main challenge in this approach is the entity resolution (synonymy/homonyms: works, authors, journals, keywords). This problem would be simplified by the standardization of information stored in bibliographic databases (ORCID, DOI, ISSN, ISBN, etc.) .
As the attention of this study is given to the field of SNA, we can register its evolution through time. However, the results clearly show that the idea of network analysis is spreading around different disciplines, as more and more scientists from various scientific fields use the methodology in their research. We can see a shift from social network analysis to the network analysis in general, where networks being analyzed come from different disciplines. The emergence of the network science discipline in natural sciences is a part of this process. However, the studies register a "tension" between social and natural branches of network analysis, that is why we propose that the joint efforts from different directions should be done to merge the separate branches of studies into the whole multidisciplinary field. It can be profitable for all the scientists working with networks to discuss the field's development not in a discourse of "invasions", but in terms of common collaboration and awareness of each other's work. 
